. Over the whole flight, the standard deviation of the difference between CAROLS and in-situ SSS is about 0.3 pss-78 more accurate than SSS fields derived from coastal numerical model or objective analysis. In the northern part of the flight, CAROLS and in-situ SSS agree. In the southern part, the best agreement is found when using only V-polarization measured at 30
I. INTRODUCTION

S
EA surface salinity (SSS) is a key component of the global earth water cycle and of the ocean circulation. Through its link to the evaporation minus precipitation budget, the SSS can provide valuable estimations of the freshwater flux, one of the less known components of the earth's water cycle [1] - [3] . Generally the focus is on the water cycle over the land, but as 86% of the evaporation and 78% of the precipitation occurs over the ocean, these fluxes cannot be ignored for our understanding of "the global water cycle" [4] . SSS is a driving force for the thermohaline circulation and is therefore fundamental for our understanding of processes that force our global climate system. Moreover, SSS is a better tracer than sea surface temperature (SST) to track water masses as SST varies rapidly with atmospheric conditions.
In-situ measurements of ocean salinity remain scarce, despite the deployment of Array for Real-time Geostrophics Oceanography (ARGO) floats [5] and the multiplication of measurements on voluntary ships. Indeed, sampling remains irregularly and nonhomogeneously distributed and mostly limited to the range from 5 to 10 m below the surface.
The ability to monitor SSS for years from satellite would be a significant improvement for the understanding and the prediction of meteorological and climate phenomena [6] . The principle of satellite SSS remote sensing has been thoroughly described [7] , [8] . At L-band (1.4 GHz), the permittivity of the sea surface is significantly affected by the salinity. Hence, sea surface emissivity and then brightness temperature can be related to SSS.
The concept of microwave SSS remote sensing has been demonstrated in the late 1970s with Skylab [9] and by the first airborne L-band microwave systems [10] , [11] . At the end of the 1990s, two airborne microwave interferometers, the Electronically Scanned Thinned Array Radiometer (ESTAR) and the Scanning Low-Frequency Microwave Radiometer (SLFMR), successfully produced SSS maps in coastal currents [8] , [12] , [13] in agreement with in-situ measurements with an accuracy of about 1 pss-78. 1 More recently, the Salinity, Temperature, and Roughness Remote Scanner (STARRS) used a 8 × 8 antenna array which operated interferometrically and provided noisier measurements than real aperture radiometer (1 s-NEDT of 0.9 K) [15] . In spite of this, it was proven to be useful for mapping SSS in the vicinity of Rio de la Plata Estuary and Patos/Mirim outflows, in complement to in-situ measurements and for characterizing the dynamic of the plumes [16] . A new interferometer was developed by the Helsinki University of Technology with similar characteristics to that of MIRAS installed onboard Soil Moisture and Ocean Salinity (SMOS) [3] , [17] . Data collected in the Gulf of Finland indicated the need for external calibration and an rms (root mean square) error on the retrieved SSS of about 2 pss-78 [18] .
Taking into account the successful airborne measurements of SSS, and the improvement of the technology [8] , the European Space Agency decided to build and launch the SMOS satellite mission [3] , [19] , [20] . SMOS is the first L-band satellite able to provide SSS measurements at global scale. It uses a very innovative interferometric technology and was successfully launched on November 2, 2009. Its aim is to achieve an accuracy on retrieved salinity of 0.1 pss-78, over (100-200 km, 10-30 days time and space scales) relevant to climatic studies. In addition to SMOS, another L-band satellite instrument dedicated to measure SSS was launched on June 9, 2011 with the Aquarius/SAC-D [21] mission.
However, getting this accuracy on SSS from L-band radiometry requires a very good knowledge of the influence of other parameters that affect the L-band measured signal. For that reason, the Cooperative Airborne Radiometer for Ocean and Land Studies (CAROLS) [22] was developed and operated for various airborne campaigns from 2007 to 2010, in order to validate and improve models used in the SMOS data processing for salinity retrieval.
This paper focuses on a flight on May 20, 2009 , over a coastal region in the Gulf of Biscay (South-West of France and North of Spain) which is characterized by a high salinity variability (28 to 35 pss-78). The objectives of this study are to retrieve the SSS from the airborne CAROLS observations and to determine the influence of spatio-temporal variability of the sea surface roughness (parameterized as a function of wind speed) on this retrieval using the same direct models and similar retrieval methodology as those defined and used for SMOS.
In Section II, we present the radiometer data acquired using CAROLS and the corresponding sea surface parameters measured in situ. Then, in Section III, we describe the methods used to simulate brightness temperatures and to retrieve SSS. In Section IV, we present results on the retrieved SSS from CAROLS measurements and compare them to in-situ measurements. Key results from this study are summarized and discussed in Section V.
II. DATA
A. CAROLS Radiometric Data
The CAROLS L-band radiometer [22] was designed and built as a copy of the EMIRAD II radiometer [23] constructed by the Danish Technical University team. It is a fully polarimetric and direct sampling correlation radiometer (sampling rate of 139.4 MHz). The antenna system comprises two identical horns and two waveguide orthomode transducers with a main • on the right-hand side (referred to as the 30
• antenna in the following) of the aircraft (French research ATR42 airplane). Brightness temperatures (T b ) of the surface were measured using these two antennas. The aircraft contains an inertial unit (a SAGEM sampling at 25 Hz) to measure aircraft movements and to deduce the incidence angle of the antennas with the sea surface. Indeed, the T b is highly dependent on the incidence angle, about 1 K/
• at 30
• incidence angle (see [24] and Table I) .
CAROLS flew seven times over the Gulf of Biscay, off the coast of France and Spain, between May 04 and May 26, 2009 around 20 UTC. These flights followed two other airborne campaigns with the same instrument in September 2007 and November 2008 both conducted in the Gulf of Biscay. Most of these flights were performed at high altitude far from land. In this paper, we concentrate on a flight performed at low altitude in a coastal area with strong SSS contrast.
The aircraft flew about 600 m above the sea at an airspeed of about 100 m/s. The main lobe of the instrument footprint covers an elliptical area with major and minor semiaxes of 200 m for the Nadir antenna and of 300 m and 240 m for the 30
• antenna. The boresight of the two antennas are 390 m apart.
The radiometer measures the four Stokes parameters alternatively on the two antennas. A sequence of acquisition includes the following steps: an internal calibration on a load and a noise diode during 10 s followed during 120 s by 60 alternative measurements of 2 s duration between the nadir antenna (800 ms), the noise diode (200 ms), the slant antenna (800 ms) and the noise diode (200 ms). The raw data sampling is of 40 ms with a theoretical noise on T b of 0.26 K (we have checked that this agrees with noise observed on measurements acquired on another CAROLS flight on May 26, 2009 in uniform geophysical conditions in the open ocean far from the coast). It is known that radiometers at L-band are very sensitive to parasitic signals from radio-frequency interferences (RFI) [25] - [27] . Despite the CAROLS bandwidth has been limited to 24 MHz since 2008 (instead of 26 MHz before [22] ), we still observe RFI during all flights, although they are of much lesser magnitude than before 2008. Therefore, we used a specific method to sort out observations possibly perturbed by RFI (see below).
The full postprocessing applied on the raw data consists of:
• Correcting for cable attenuation and reflexion [22] .
• Removing measurements likely affected by RFI. A kurtosis threshold criterium is applied (kurtosis larger than 2.9-3.1 calculated on the integration time of 1 ms) to detect cases of non-Gaussian signal distribution and reject the main part of RFI [27] . Less than 2% of data over ocean flights are rejected due to RFI. • Removing measurements corresponding to incidence angles outside the range of 0 ) remain during which higher discrepancies between the V and H polarization measured for the Nadir antenna are observed. Indeed, the standard deviation of the difference between measurements in V and H polarization is of 0.25 K during these periods whereas for the rest of the flight it is of 0.1 K. Since this occurs when the airplane was close to the Cazaux coastal region identified as a source of RFI on CAROLS data [25] and on SMOS data [28] , we suspect it could be due to undetected RFI.
The final product is shown in Fig. 1 for the V-Polarization of the 30
• antenna. This instrumental configuration corresponds to the highest sensitivity to salinity (Table I) (Table I) . They are deduced from the model presented below.
B. Sea Surface Conditions
The knowledge of sea surface conditions is an important element to evaluate accuracy of the radiometric measurements and to validate the radiative transfer models. Indeed, the L-band signal is sensitive to SSS but also to SST and sea surface roughness, which is primarily parameterized through wind speed. In order to document the sea surface conditions during the flights, the GOGASMOS oceanic campaign was organized. The RV Antea operated on the Aquitaine shelf [Figs. 2(a) and 3(b)] and performed SSS measurements continuously using a SeaBird SBE-21 thermosalinograph (TSG); the water intake was approximately at 3.5-m depth. These data were corrected for biases and validated by comparison with samples, sensors calibrations and comparison with nearby data. The accuracy of these data is estimated to be within a few 0.01 pss-78 [29] (Table II) . After this north-east section, the vessel completes a track at 45.0N until 2.5W, joins the track at 45.2N, and heads to 1.5W. It then joins the track at 45.4N, heads westward to 2.5W, and finishes south-westward up to 45.06N-2.64W on May 21th at 18UTC.
Moreover, in the frame of the GOGASMOS campaign, a mooring was installed at 45.56N-1.83W and acquired measurements every 30 s at 2 m depth with an accuracy of a few 0.01 pss-78.
In addition to this dedicated campaign, we also use measurements performed nearby during two other campaigns. The RV Investigador from AZTI-Tecnalia performed CTD vertical profiles on the track 45.62N [see Fig. 2 (a)]. It begins at 2.85W (May 19, 14UTC) eastward and finishes at 1.43W (May 20, 01UTC), i.e., about one day before the flight. As the temperature sensor had a 1 s time constant, the accuracy of these measurements is about 0.1 pss-78 [29] . Only measurements closest to the surface (about 3 m) were taken into account.
Two water samples were taken under the plane track during the Arcadino campaign at 44.65N-1.43W, 18UTC and 44.49N-1.39W, 19:50UTC on May 20th.
In order to compare aircraft and in-situ data, SSS and SST measured from the RV Antea and Investigador described previously were resampled along the plane track using a nearest neighbor method in space [ Fig. 2(a) ] with the assumption of stable conditions within one day of the flight.
To estimate the error on the reference SSS coming from the nearest neighbor method and from the spatiotemporal variability of the SSS measurements, we extract the SSS from a high-resolution oceanic circulation numerical model, called IBI (Mercator 1/36
• ) [30] (described below), at the time and location of the RV Antea and Investigador measurements, and we resample them under the plane track using the same nearest neighbor method. These extrapolated SSS are in good agreement with the SSS modeled by IBI at the time and location of the plane track: the absolute difference is in most cases less than 0.2 pss-78.
Nevertheless, since the SSS is highly variable near the coast and in the Gironde plume, this resampled SSS (called "reference SSS" in the following, as it will be used as reference for the aircraft remote sensing validation) is limited in the north to west of 45.6N-1.6W. In the south, the end of the plane track (after 44.7N-2.1W) was scarcely sampled, and the reference SSS was limited to 44.68N-2.12W. This SSS reference is drawn according the SSS color bar in [ Fig. 2(a) ].
The SST (not shown) is resampled in the same way and varies from 15
• C to 17
• C. In addition to this "reference SSS," two additional sources of SSS data, the mooring and the two water samples, were used for analyzing CAROLS measurements.
Since the in-situ measurements used for building the reference SSS were sometimes at 20 km from the flight track and one day apart from the flight, we compare the "reference SSS" with three SSS fields covering the whole region: a map derived with a classical Gauss-Markov objective analysis (OA) applied to in-situ data as defined in [29] and outputs of two high-resolution numerical oceanic circulation models, less than 0.5 h apart from the flight time. These comparisons are intended to identify parts of the flight where the SSS is highly variable.
The map derived with the OA [ Fig. 2(b) ] is centered on the flight period (20 May); it uses a climatology as first guess and all in-situ measurements available in this region from 11 to 31 May [29] . At first order, it is in good agreement with the reference SSS [ Fig. 2(c) ]. However, the westward extension from the coast of the Gironde plume is less evident in the reference SSS and in the RV Investigador observations than in the result of the OA, which refers to a period of 20 days. This lesser extent of the Gironde plume is also confirmed by the mooring SSS (not shown, equal to 33.58 pss-78 at 19UTC). On the east part of 1.8W-45.4N (about 19:37-19:47 flight time), we get again a lower salinity (up to 0.8 pss-78) compared to the reference SSS due to a larger extent of the Gironde plume from the 20 days interpolation.
The numerical model results used in the following analysis come from on one hand by the IBI (Mercator 1/36
• ) model with climatological river run-offs [30] , and on the other hand by the Mars-3D model with daily observed river run-offs [31] . There is a good agreement at 45.6N, but at 45.4N and 45.2N a saltier tongue coming from the north creates large east-west gradients not seen on the measurements nor in IBI SSS (about +1 pss-78 and −2 pss-78). The westem part of the plane track presents a good agreement between Mars 3-D and reference SSS, but on the track 45.0N and south of it, the modeled SSS is about 1 pss-78 lower than the reference.
Wind speed was recorded in this area both by the QuikSCAT satellite at 18h36 UTC and along the plane track by the RV Antea [ Fig. 3(a) ]. Wind speed derived from QuikSCAT indicates wind speed between 5 and 7 m/s along the flight track [plotted in background in Fig. 3(a) ]. Unfortunately, when QuikSCAT flew over the RV Antea, the ship measured a wind speed varying from 5 m/s at 18:00 to 7.5 m/s at 19:00 so that it is difficult to compare punctual ship measurements with QuikSCAT wind speed integrated over 25 × 25 km 2 (5 m/s in the pixel crossing the ship track at 18:36).
Due to long time interval needed by the RV Antea to sample wind speed over the flight track, we chose to use QuikSCAT as wind speed reference in spite of the time difference of about 2 h between CAROLS and QuikSCAT data. When the plane flew over the RV Antea (20:28, 44.89N, 1.69W ) a strong Fig. 3(a) ] and in SSS [ Fig. 2(a) ] was measured by the RV Antea. In the following, unless specified, wind estimates under the flight track are those derived from QuikSCAT. Concerning water depth, it has to be noted that the plane track remains over the continental shelf in the Gulf of Biscay 
III. METHODS
A. Brightness Temperature Simulations and Inversion Methods
In a first step, the measured T b referenced in the antenna frame are compared with simulated T b obtained with a direct model. We used the Terrestrial Radiometry Analysis Package developed at IFREMER [33] , [34] , in a configuration that takes into account the CAROLS antenna lobes geometry, the aircraft attitude, and the physical models implemented in the SMOS data processing of the ocean salinity. The different contributions to emissivity are estimated as follows:
• the atmospheric emissivity and absorption from [35] ;
• the sea surface emissivity for a flat surface from [36] ;
• the roughness contribution to the sea surface emissivity according to a two-scale model using the Durden and Vesecky ×2 wave spectrum [37] ; • the scattering of the sky radiation by the sea surface according to [38] . Geophysical parameters needed to take into account these contributions are as follows: Atmospheric pressure and relative humidity are taken from the European Center for Medium range Weather Forecast; SSS and SST are from the "reference" values as explained in the previous section; Wind speed was derived from QuikSCAT measurements recorded at 18:36 UTC (up to 2 h before the last CAROLS measurement over the ocean).
All these contributions are projected in the polarization reference frame of the antennas so that measurements of the two antenna ports can be directly compared with simulations.
The contributions (as described above) to the brightness temperature modeled for each antenna are summarized in (Table III) . Mean and standard deviation of each antenna and polarization are computed on T b at the flight track where reference SSS has been derived. The main contribution comes from the flat sea model (highly related to the SSS), which dominates in the T b variations. At the second order, the T b variations are explained by the contribution due to the roughness (tscale), as well as by the sky scattering (scatgal) for the 30
• antenna. The contribution of the atmosphere is mainly constant as the altitude and the incidence angle are constant.
For the data corresponding to the time of the ship/plane crossing, we compared T b measurements and direct simulations obtained using in-situ parameters measured by the ship (SSS, SST, and wind speed). We used this comparison to remove biases between measured and modeled T b , without any asumption on the origin of the biases originating from the model or from the data. Results are summarized in (Table II) 
• incidence angle antenna, biases are negative and range from −0.36 K to −0.55 K for the H and V polarizations, respectively. In the rest of our analysis, unless otherwise specified, these biases were removed from the data.
Comparisons between measured and simulated T b are discussed in Section IV. In the following section, we will present different methods to retrieve the salinity from T b measurements.
B. Sea Surface Salinity Retrieval
Using the models presented above, observations of T b have been inverted using two different methods. The first one, called single parameter retrieval, uses only the SSS sensitivity of T b assuming that the wind speed is well known. The second one, called multiparameter retrieval, is used to retrieve both wind speed and SSS, requiring some a priori knowledge on wind speed. In both cases SST is from the reference SST, which is between 15
• C and 17
• C along the flight track. 1) Single Parameter Retrieval: SSS is retrieved for each polarization on each antenna data product, using the sensitivity of T b to SSS, assuming that wind speed is perfectly known. First, we calculate the difference between the measured and simulated T b with a prescribed value of SSS of 34 pss-78 and other geophysics conditions taken as explained in Section II-B. Then this difference in T b is related to the SSS shift [with respect to the 34 pss-78 value using a linear model as in (1)]. Errors due to the T b versus SSS sensitivity linearization are below 2.5% in the range of 32 to 36 pss-78.
where dSSS/dT b (inverse of SSS sensitivity; see Table I ) was estimated at SST = 15.6
• C and SSS = 34 pss − 78 which correspond to the median values of these parameters along the flight track.
This method was applied on each polarization and each antenna. Hence, four SSS are retrieved. In the following, we call "Retrieval 1" the SSS retrieved using the V-polarization of the 30
• antenna that corresponds to the most sensitive configuration to SSS (see Table I ) and "Retrieval 2" the SSS retrieved using each polarization on each antenna.
2) Multiparameter Retrieval: In this method, SSS and wind speed are retrieved simultaneously using the iterative Levenberg and Marquard method [39] - [42] . Using a maximum-likehood Bayesian approach, assuming a Gaussian distribution of the errors on T b , SSS and wind speed are iteratively estimated. The retrieval method starts with an a priori value on SSS and WS that influence the T b and with set values on the uncertainties σ P j . The method minimizes the following cost function:
where T bi correspond to (Nadir-V; Nadir-H; 30
• − V; 30
• − H) measurements or models. Prior value of these parameters was chosen as: SSS prior = 34 pss − 78, σ SSS = 20 pss − 78, W S prior = 6.5 m/s, and σ W S = 2 m/s. We decided to put a high value on the SSS uncertainty (20 pss-78) to give a little weight to the SSS constraining term. If we choose instead a prior value of 35 pss-78 or a prior standard deviation of 100 pss-78, final statistics remain the same. The wind speed uncertainty is deduced from the R/V Antea measurements. We arbitrarily put an error on the simulated T b of (σ T mod bi = 0.1 K), and we chose two types of T b noise on the measurements, either consistent with the radiometric accuracy (0.1 K) for "Retrievals 3 and 4," or consistent with the order of magnitude of biases (1 K) for "Retrieval 5." In this last case, T b measurements are not corrected for biases before retrieval. In the case of "Retrievals 5 and 4," the two antennas and polarizations are used whereas for "Retrieval 3" only the two polarizations of the 30
• antenna are used. Unlike the single parameter retrieval, an exact knowledge of the wind speed is not necessary. An a priori estimation of its value together with the standard deviation of its error is sufficient.
The first four columns of Table IV summarize the conditions of inversion for the five retrieval cases.
IV. RESULTS
A. Measured and Simulated Brightness Temperatures
We limit our analysis in this section to the flight period during which our reference SSS is available. Fig. 4 presents results of the direct simulation with respect to the measured brightness temperature, for each polarization and antenna. Statistics of these comparisons are reported in (Table V) . We notice that the excursion of the 30
• antenna measurements is more important than that of the nadir antenna. This is because the sensitivity to incidence angle variations is larger at 30
• than at nadir (Table I ) particularly in V-polarization. In addition to this influence, the dynamics of T b at 30
• and V-polarization is larger because of the larger sensitivity to the SSS (Table I) . In H-polarization at 30
• incidence angle, data are noisier, probably due to a higher wind speed sensitivity, and to a wind speed accuracy not better than 2 m/s in this nonhomogeneous and nonstationary situation.
According to Table V, after correcting the measurements for biases observed at the ship/plane crossing, on average over the flight period considered here, small biases remain with an order of magnitude smaller than those at crossing point except for V-polarization on nadir antenna. Fig. 5(b) shows the five retrieved SSS, described in Section III-B, as a function of time along the flight. These values are compared to the reference SSS (see Section II-B). All the statistics are reported in (Table IV) . The five retrievals of SSS have similar variability along the plane track. The maximum differences between the five estimates at a same location is less than 0.55 pss-78 for 70% of the data.
B. Retrieved Sea Surface Salinity Versus Reference SSS
Once the SSS fields from Mars-3D, IBI and OA SSS fields are resampled under the plane track (using a nearest temporal neighbor method for numerical models), we observe differences of few pss-78 with reference SSS or SSS derived from radiometric measurements [ Fig. 5(d) ].
On the first part of the flight, up to 18:58 in the Gironde plume, all retrievals indicate a very strong gradient of salinity starting with very fresh salinities, as low as 27 pss-78 [ Fig. 5(a)  and (c)] . Unfortunately, no in-situ measurements were available there. These low values are in agreement with the Mars-3D SSS, but the westward extension of the low salinity plume is in slightly better agreement with IBI model. The westward extension of the low salinity plume is overestimated by the OA as the latter averages the SSS over 20 days.
Between 18:58 and 19:11, the five retrievals agree with the reference SSS and the microcat mooring SSS. large freshening with SSS fresher by up to 2 pss-78 than other estimates.
Between 20:10 and 20:12, with the plane flying toward south-east close to the continental shelf border, the retrieved SSS does not fit well with the reference SSS (there was one day lag between in-situ SSS and the flight), but instead agrees with IBI SSS that indicates a penetration of a salty waters coming from the west. Between 20:12 and 20:16, the plane flies eastward along 45N up to longitude 2.0W. There, the five retrieved SSS mismatch. Retrievals 3 and 4 overestimate the SSS according to the reference SSS by about 0.3 pss-78. Retrievals 5 and 2, underestimate the SSS by about, respectively, 0.2 and 0.5 pss-78, whereas Retrieval 1 agrees with the reference SSS and the OA. SSS from oceanic models are fresher by about 1 pss-78 than reference SSS and are fresher than the lowest retrieved SSS (Retrieval 2).
In the following period, up to 20:36, the five retrieved SSS are in the range of the measured and simulated SSS, but SSS retrieved with retrieval 5 agrees better with the reference SSS that was derived from in-situ measurements close in time and space.
For the last part of the flight (after 20:36), reference SSS is not available, but the five retrieved SSS are in the range of the high-resolution numerical models outputs, the OA and one of the two water samples from Arcadino campaign [ Fig. 5(d)] . Table IV shows results of the five retrievals: SSS is retrieved with a scatter to the reference SSS of less than 0.4 pss-78, and with a correlation better than 0.8; the 95% confidence interval is 0.02 pss-78. There remain biases of about −0.2 pss-78 regardless the method, antenna, or polarization used.
When comparing the five retrieved SSS with the reference SSS, the lowest biases and the best correlation of retrieved SSS are observed for Retrievals 1 and 5 (Table V) . These two retrievals represent two opposite approaches: Retrieval 1 neglects errors on T b and wind speed and uses only the most sensitive configuration to SSS (V-polarization at 30
• ), whereas • and adjustment of wind speed. Fig. 6(a) [identical to Fig. 2(a) ] represents the reference SSS. Fig. 6(b) represents the best radiometric retrieved SSS (Retrieval 5) and Fig. 6 (c) the difference with respect to reference SSS. There is a very good agreement with the reference SSS on the main part of the track, except around 45.1N-2.1W, where no in-situ measurements have been performed. Moreover, this area, as well as 44.7N-2.1W, are near the shelf border [ Fig. 3(b) ], where the sea surface conditions are highly variable.
One advantage of multiparametric retrievals is that they have the capability of adjusting the wind speed to the local variability under the plane track. The retrieved wind speeds are displayed on During this period of highly variable wind speed, the retrieved SSS is closer to reference when using a multiparametric retrieval than when using a single parameter retrieval: biases are of −0.04 pss-78 and 0.07 pss-78 for retrievals 3 and 4, whereas retrievals 1, 2, and 5 are, respectively, of 0.10 pss-78, 0.37 pss-78, and 0.14 pss-78.
We further tested the possible effect of the spatial variability of the wind speed at a resolution lower than 25 km using the high-resolution QuikSCAT wind speed from [43] Hence, although our reference SSS was derived with measurements taken sometimes at plus or minus one day and 20 km from the flight, it is closer to radiometer SSS than regional SSS fields; this demonstrates the importance of conducting in-situ measurements close in space and time with the flight campaign, particularly in coastal zone where SSS is highly variable.
V. DISCUSSION AND CONCLUSION
In this paper, we showed that we are able to retrieve values of SSS from airborne L-band radiometric measurements consistent with ground truth (standard deviation of the error of 0.3 pss-78 with SSS varying between 32.5 and 35 pss-78). This standard deviation of the error is about a factor 2 larger than the one expected from the radiometric measurement error (0.06 to 0.08 K is equivalent to about 0.15 pss-78, see Section II-A) alone. A similar discrepancy is observed when comparing SMOS and in-situ salinities [44] . The error on retrieved salinities, as derived from comparisons with ARGO data, is on the order of 0.4 pss-78, larger by a factor 2 to 4 than those expected, whereas the rms error on SMOS T b , after removing systematic biases in the field of view, is consistent with expectations [45] . This suggests that part of the L-band signal is not fully described by present models and auxiliary parameters.
We also show that a ship survey dedicated to SSS measurements under the flight track and SSS fields derived from numerical models or OA greatly contributes to interpret the radiometer measurements. It is remarkable that although there is some scatter on our retrieved SSS depending on the polarizations and antennas used in the retrieval, this uncertainty is smaller than the difference between the various SSS estimates derived in this area from high-resolution models or OA of insitu data [ Fig. 5(d) ].
We discarded several RFIs in horizontal polarization in the second part of the flight on both antennas, and we cannot exclude that some weak RFIs remain in horizontal polarization resulting in errors in our retrievals. The SSS retrieved between 20:12 and 20:16, during which the various retrievals give different systematic biases, support this hypothesis since the retrieval using the 30
• antenna and the V-polarization seems unaffected.
One source of uncertainty is probably due to the way roughness effects are taken into account. First, wind speed measurements are not available at the same time of the flight or at the spatial resolution of the radiometer data. Second, in such a coastal area, wind speed is probably not enough to characterize the roughness due to fetch effects.
Nevertheless, our study shows that inversion of CAROLS data using SMOS direct models and retrieval methods performs rather well in terms of retrieved SSS in such a complicated situation. We find also that the SSS retrieved from the vertical polarized T b is of better quality than the one retrieved from both polarizations; this could be explained by our imperfect modeling of the sea surface roughness effects, since the vertical polarization is more sensitive to SSS and less sensitive to the roughness than the horizontal polarization. More surprising is the fact that, with a reasonable noise on T b , a multiparametric retrieval applied after biases correction, does not perform better than a single parameter inversion based on an prescribed wind speed. It is only when biases are not corrected and a 1 K noise is imposed on T b that SSS is obtained with a better quality than the one retrieved in the best configuration (30 • incidence, V-polarization) with a single inversion. However, multiparametric retrievals with reasonable T b noise yield a better retrieved SSS than other retrievals over the period of RV Antea overflight, a period of highly variable wind speed, as they allow to improve the estimate of the wind speed itself.
In addition, this study demonstrates the value of the airborne remote sensing for giving a quasi instantaneous view of SSS at regional scale with better accuracy than SSS fields derived from coastal numerical model or OA. This particularly holds in very variable regions like the ones close to river plumes or shelf border where the numerical models may misestimate either the intensity or the position of the salinity gradients. We show the complementarity of in-situ measurements (very accurate but rarely coincident in space and time with the plane) and high-resolution oceanic models for interpreting the radiometric observations and sampling all the relevant phenomena in a coastal shelf area such as the one under study. Some variability observed close to the shelf edge by the radiometer was not sampled by the ship probably because of a time lag of one day between ship and plane measurements, but it was consistent with the IBI model SSS. Close to the Gironde plume where no in-situ measurement was available, the better agreement of the radiometric SSS with MARS 3-D model SSS than with IBI model SSS underlines the importance of using realistic river run-offs for modeling coastal SSS, as Mars 3-D model uses daily observed river run-offs whereas IBI model uses climatological river run-offs.
Although our results show the interest of L-band radiometry in coastal areas, the use of SMOS near the coast will require further study. Flights of our instrument further from the coast could be used to assess the performance of SMOS in coastal areas where contamination by the coast would be noticeable.
Further work using CAROLS data will deal with analyses of flights when concomitant observations of scatterometer data of STORM and L-band radiometer data of CAROLS have been recorded. This will allow to eventually improve the modeling of the roughness impact in the SSS retrieval. Jacqueline Boutin received the Ph.D. degree in physical methods in remote sensing from the University Paris VII, Paris, France, in 1990.
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